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Limited proteolysisCongenital hereditary cataract, which is mainly caused by the deposition of crystallins in light-scattering par-
ticles, is one of the leading causes of newborn blindness in human beings. Recently, an autosomal dominant
congenital cataract-microcornea syndrome in a Chinese family has been associated with the S129R mutation
in βB1-crystallin. To investigate the underlying molecular mechanism, we examined the effect of the muta-
tion on βB1-crystallin structure and thermal stability. Biophysical experiments indicated that the mutation
impaired the oligomerization of βB1-crystallin and shifted the dimer–monomer equilibrium to monomer.
Molecular dynamic simulations revealed that the mutation altered the hydrogen-bonding network and hy-
drophobic interactions in the subunit interface of the dimeric protein, which resulted in the opening of the
tightly associated interacting sites to allow the inﬁltration of the solvent molecules into the interface. Despite
the disruption of βB1-crystallin assembly, the thermal stability of βB1-crystallin was increased by the muta-
tion accompanied by the reduction of thermal aggregation at high temperatures. Further analysis indicated
that the mutation signiﬁcantly increased the sensitivity of βB1-crystallin to trypsin hydrolysis. The digested
fragments of the mutant were prone to aggregate and unable to protect βA3-crystallin against aggregation.
These results indicated that the thermal stability-beneﬁcial mutation S129R in βB1-crystallin provided an ex-
cellent model for discovering molecular mechanisms apart from solubility and stability. Our results also
highlighted that the increased sensitivity of mutated crystallins towards proteases might play a crucial role
in the pathogenesis of congenital hereditary cataract and associated syndrome.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The human ocular lens is an avascular transparent tissue with sophis-
ticated optical properties to focus light on the retina, thus allowing the
retina to convert the incoming light to neural signals. The optical proper-
ties are achieved by the honeycomb-like three-dimensional architecture
of the lensﬁber cells, the highly differentiatedﬁber cells, the programmed
degradation of the intracellular organelles to avoid light scattering, the
expression of the lens-speciﬁc genes and the high cytosolic protein
concentrations to reach a high refractive index [1–5]. In human lens,
the bulk of the soluble proteins in the cytoplasm are crystallins, which
are composed of three classes according to their sizes separated by
size-exclusion column: α-, β- and γ-crystallin [6,7]. Among them,
α-crystallin belongs to the small heat-shock protein family and pos-
sesses chaperone-like activity, which is believed to play an importanta syndrome; FRET, ﬂuorescence
resonance Raleigh light scatter-
odecyl sulfate; SDS-PAGE, SDS-
ghuaUniversity, Beijing 100084,
l rights reserved.role in suppressing the aggregation of β/γ-crystallin as well as the other
cytosolic proteins [8]. β- and γ-Crystallins constitute the major propor-
tion of the structural proteins in the lens cytoplasm, and their stability
and short-range ordered packing are important to the maintaining of
the transparency and refractive index gradient of the lens [6,9]. β- and
γ-Crystallins share similar tertiary structure composed of four Greek-
key motif divided into two domains, but differ in their quaternary struc-
tures [9]. γ-Crystallins are monomers, while β-crystallins can exist as
homomers or heteromers formed between the acidic (βA1–βA4) and
basic (βB1–βB3) β-crystallins.
Due to the lack of intracellular organelles in the lens ﬁber cells, it is
required that the proteins in the lens ﬁber cells maintain to be soluble
and stable during one individual's life span after the ﬁber cell ﬁnishes
differentiation [9]. However, crystallins have to face various intracellular
and extracellular stresses throughout the lifetime. When the solubility
or stability of crystallins decreases upon extreme stresses or accumulat-
ed impairments during aging, protein misfolding and aggregation will
occur. The formation of large aggregates will interfere the transmission
of visible light, which results in the pathology of cataract [10]. Cataract
is one of the leading vision loss diseases in human beings that can be in-
duced by numerous physical, chemical and inherited factors [11,12],
while the most common factor is aging. Actually, age-related cataract
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over the age of 75 years [10,13]. Cataract can also occur as early as with-
in the ﬁrst year of life due to gene mutation or external factors. About
one-third of the congenital cataract cases are hereditary, and a large per-
centage are caused by familiar inherited mutations [7,14].
Cataract is caused by the disruption of the lens microarchitecture
and/or the formation of large protein aggregates [14]. The inherited
mutations may decrease protein solubility or stability of crystallins,
affect the protein interaction network, induce the formation of abnor-
mal intermolecular disulﬁde bonds, alter the intracellular distribu-
tions, decrease or eliminate the chaperone functions of α-crystallins
or increase the sensitivity to UV irradiation [10,15,16]. This structural/
functional impairment further leads to the formation of high order
aggregates that strongly scatter or block the transmission of the visible
light [10]. As for age-related cataract, themolecularmechanism ismuch
more complicated since age-related cataract is a result of protein dam-
age accumulated for a long time. Previous studies have identiﬁed that
extensive post-translational modiﬁcations are prevalent in the aged
lens [9,12,17,18]. Among thesemodiﬁcations, proteolysis and fragmen-
tation of crystallins are signiﬁcantly increased in human lenses with
age-related cataract [12], and the fragmented peptides of the crystallins
have been found in water-insoluble fractions of cataract human lenses
[19]. More importantly, some peptides from the proteolytic products
behave anti-chaperone activity to facilitate protein aggregation [20,21].
Although it seems that the fragmentation andproteolysis of crystallins
may play an important role in age-related cataract, it is unclear yet
whether abnormal proteolysis of crystallins contributes to the pathogen-
esis of congenital cataract. It is worth noting that the precipitation of pro-
teolytic fragments is frequently observed in the pathogenesis of many
diseases [22–24]. Considering that many inherited mutations alter the
structure of crystallins, it is possible that the sensitivity of crystallins to
proteasesmay be affected by themutations. This proposal was addressed
by studying the S129Rmutation inβB1-crystallin associatedwith autoso-
mal dominant congenital cataract-microcornea syndrome (CCMC) in a
Chinese family. The biophysical analysis indicates that the mutation
leads to a decrease in its ability to protect βA3-crystallin against aggrega-
tion under extreme conditions [25]. However, the underlying mecha-
nisms remain to be elucidated since the expression patterns [26] and
oligomeric status [27] of β-crystallins are not fully identical. Herein we
further found that the S129R mutation impaired the oligomerization
but signiﬁcantly increased the thermal stability ofβB1-crystallin. Themu-
tant S129R was more sensitive to trypsin hydrolysis, and the digested
S129R fragmentswere prone to aggregate. Our results strongly suggested
that the increased sensitivity of mutated crystallins towards protease
might play an important role in the onset of congenital hereditary
cataract.
2. Materials and methods
2.1. Materials
Sodium dodecyl sulfate (SDS), trypsin, pronase E and proteinase K
were purchased form Sigma Chemical Co. Alexa Fluor 350 and Alexa
Fluor 488 were purchased from Molecular Probes, Eugene, OR. Protein
marker was purchased from Fermentas. All other chemicals were local
products of analytical grade.
2.2. Protein expression and puriﬁcation
The His-tagged recombinant wild type (WT) and mutated
β-crystallins were overexpressed in Escherichia coli BL21 with the
pET28a expression plasmid, puriﬁed using Ni-NTA afﬁnity column
followed by gel ﬁltration chromatography as described previously [25].
Since βA3-crystallin is a potential protease [28,29], the N-terminal
His-tag was not removed for all three proteins to facilitate the puriﬁca-
tion of full-length pure proteins with intact N-termini. The βB1/βA3-or S129R/βA3-crystallin heteromer was prepared by incubating equiva-
lentmolar ofβB1- or S129R-crystallin andβA3-crystallin at 37 °C for 4 h
as described previously [25]. The protein concentration was determined
according to the Bradfordmethod using bovine serum albumin (BSA) as
a standard [30].
2.3. Spectroscopy
Intrinsic Trp ﬂuorescence was recorded on an F-2500 spectroﬂuo-
rometer using a 1 ml cuvette. The excitation wavelength was 295 nm
and the emission spectra were measured in the wavelength range of
300–400 nm. Parameter A, a sensitive tool to monitor the position and
shape of the Trp ﬂuorescence spectra, was calculated by dividing the
ﬂuorescence intensity at 320 nm by that at 365 nm [31]. The aggrega-
tion of the samples was monitored by measuring the turbidity at
400 nm (A400) with an Ultraspec 4300 pro UV/Visible spectrophotome-
ter (Amersham Pharmacia Biotech, Uppsala, Sweden). Resonance
Raleigh light scattering (RRS), a sensitive tool to reveal the size changes
of molecules [32], was recorded at 90° using an excitation wavelength
of 295 nm [33]. The protein concentration was 0.2 mg/ml for all spec-
troscopic experiments.
2.4. Cross-linking by glutaraldehyde
Cross-linking experiment was performed according to the protocols
described elsewhere [34]. In brief, 25 μl samples with a protein concen-
tration of 0.2 mg/ml or 1 mg/ml in buffer A (20 mM sodium phosphate,
150 mMNaCl, 1 mMEDTA and 1 mMDTT)weremixedwith 2 μl freshly
prepared glutaraldehyde stock solutions. The concentration of glutaralde-
hyde solutions was 2.5%. After 5 min reaction at room temperature, the
reaction was terminated by adding 2 μl Tris–HCl buffer (1 M, pH
8.0). The oligomeric states of the proteins were checked by SDS-
polyacrylamide gel electrophoresis (PAGE) using 12.5% separating gel
in the reducing conditions.
2.5. Size-exclusion chromatography
The size-exclusion chromatography (SEC) analysis of the samples
was carried out on a Superdex 200HR 10/30 column on an AKTA FPLC
(Amersham Pharmacia Biotech, Sweden). The column was
pre-equilibrated with buffer A, and then about 100 μl protein
solutions were injected into the column. All samples were run at a
ﬂow rate of 0.5 ml/min at 16 °C. The elution peaks were collected
for further identiﬁcation by SDS-PAGE using 12.5% separating gel in
the reducing conditions. Silver staining was performed according to
the standard protocol [35].
2.6. Proteolysis experiments
Limited proteolysis experiments were performed according to the
procedures described previously [36,37]. In brief, the concentration of
β-crystallins was 0.2 mg/ml in buffer A. Proteinase K (1:4000, w/w),
pronase E (1:50, w/w) or trypsin (1:10, w/w) was added to the pro-
tein solutions, incubated at 37 °C, and aliquots were taken at given
periods. The proteolytic reaction was stopped by transferring the
samples into boiling SDS-PAGE buffer. Then the samples were used
for the SDS-PAGE, SEC or thermal stability analysis.
2.7. Fluorescence resonance energy transfer measurements
The subunit exchange rates between βB1- or S129R-crystallin and
βA3-crystallin were obtained by the ﬂuorescence resonance energy
transfer (FRET) method similar to those described previously [38,39].
To allow energy transfer between the βA3/βB1-crystallin subunits,
βB1-crystallin and S129R were labeled with Alexa ﬂuor 350 to act as
the energy donor, while βA3-crystallin was labeled with Alexa ﬂuor
Fig. 1. Oligomeric states of βB1-crystallin and S129R characterized by glutaraldehyde
cross-linking analysis. The protein concentrations were 1 mg/ml. The cross-linked
products were analyzed by 12.5% SDS-PAGE. M represents the band of marker. The po-
sitions of various oligomeric states are indicated.
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ﬂuor dyes was performed according to the procedure described by the
manufacturer of Molecular Probes. In brief, the protein was mixed
with the Alexa ﬂuor dye in buffer containing 20 mM sodium phosphate
and 100 mM sodium bicarbonate. The mixture was reacted in the dark
for 2 h at room temperature. The excess dye was removed by dialyzing
the sample against 20 mMphosphate buffer at 25 °C for 48 hwith three
repetitions. The subunit exchangewas initiated bymixing the ﬂuorescent
labeled βB1- and βA3-crystallins in an equivalent molar ratio at 37 °C in
buffer A. The donor and acceptor ﬂuorescences were monitored using
an excitation wavelength of 345 nm, which is absorption maximum of
the donor Alexa ﬂuor 350. Time-dependent change of the ﬂuorescence
was recorded after the subunit exchange reaction was initiated. The
subunit exchange rate was obtained by ﬁtting the raw data using the
single exponential equation by nonlinear regression analysis (Sigma
plot 8.0 software).
2.8. Aggregation experiments
Protein aggregation was evaluated by the turbidity at 400 nm of the
samples on an Ultraspec 4300 pro UV/Visible spectrophotometer from
Amersham Pharmacia Biotech (Uppsala, Sweden). Turbidity has been
proposed to be proportional to the amount of the protein in the aggre-
gates [40]. The time-course thermal aggregation was recorded immedi-
ately after the proteins were heated at 65 °C or 75 °C. The ﬁnal protein
concentration was 0.2 mg/ml. The ﬁtting and analysis of the aggrega-
tion kinetics were the same as those described previously [40,41].
2.9. Electrophoresis and mass spectrometry
The 10% native-PAGE, blue native-PAGE and 16% Tris-tricine-PAGE
analysis [42] of the proteins were conducted according to the standard
methods. The 10% native-PAGE was run using the protocol similar to
that of SDS-PAGE except for the absence of SDS in the loading buffer
and the gel. As for the Blue native-PAGE, proteins were loaded and sep-
arated on a polyacrylamide gradient gel (7.5%–15%) [43]. Mass spectro-
metric analysis was performed using the ABI 4800 plus MALDI-TOF-TOF
mass spectrometry.
2.10. Molecular dynamic (MD) simulation
TheMD simulation was conducted using the CHARMM22 force ﬁeld
in the program NAMD2.7 [44] as described previously [45]. The crystal
structure of the truncated human βB1-crystallin (PDB ID: 10KI) [46]
was used as the template structure. The starting structure of themutant
S129R was built using VMD. Each protein was solvated by TIP3 water
molecules with the existence of 100 mMNa+ and Cl− ions. Themodels
of the WT protein and the mutated protein were equilibrated for 10 ns
and 20 ns, respectively, at room temperature (300 K) and constant
pressure (1 atm) controlled by Langevin dynamics and Langevin piston.
The binding free energy of the dimer was calculated with MM-PBSA of
AMBER [47].
3. Results
3.1. The S129R mutation impairs the oligomerization of βB1- and βB1/
βA3- crystallins
Previous spectroscopic experiments have shown that the S129Rmu-
tation did not signiﬁcantly affect the percentages of various secondary
structure components, a minor change in the tertiary structure, but a
signiﬁcant decrease in the apparent molecular weight of βB1-crystallin
as evaluated by SEC and static light scattering analysis [25]. To further
investigate how the mutation affected the quaternary structure of
βB1-crystallin, the oligomeric status of the proteins was investigated
by native- and blue-PAGE, cross-linking and FRET analysis. Nosigniﬁcant difference was observed for the WT and mutated
βB1-crystallins in native-PAGE and blue-native PAGE analysis (data
not shown). Thus the various oligomeric states of βB1-crystallins were
distinguished by glutaraldehyde cross-linking experiments (Fig. 1).
SDS-PAGE analysis of the cross-linked samples indicated that
βB1-crystallin could exist asmonomer, dimer and high-order oligomers
(tetramer and above), while dimer is the dominant state. Under the
same cross-linking conditions, S129R was dominated by monomer, a
small fraction of dimer and hardly detectable high-order oligomers.
Thus the results in Fig. 1 suggested that the S129R mutation disrupted
the dynamic equilibrium of βB1-crystallin oligomers and promoted
the dissociation of the oligomers to monomers.
In our previous study [25], SEC analysis indicated that the S129R
mutation did not affect the formation of heteromer between βB1- and
βA3-crystallins, but decreased the ability of βB1-crystallin to protect
βA3-crystallin against aggregation under stress conditions. To elucidate
how the mutation inﬂuenced the heteromer, the subunit exchange
rates of the heteromer was examined by the FRET method. As shown
in Fig. 2, when excited at 345 nm, the donor ﬂuorescence intensity de-
creased and the acceptor ﬂuorescence increased, indicating that the
subunit exchange was proceeded along with time. Although both of
the WT and mutated βB1-crystallins had the ability to form heteromer
with βA3-crystallin, they exhibited quite different kinetic curves. The
ﬁtting of the data in Fig. 2C indicated that they had dissimilar subunit
exchange rates: 0.020±0.002 min−1 and 0.20±0.02 min−1 for βB1/
βA3-crystallin and S129R/βA3-crystallin, respectively. The value of the
WT protein is similar to that reported in literature [39]. It is worth
noting that the subunit exchange rate determined herein is dependent
on the subunit exchange rates of both thehomomers and theheteromer.
Thus the 10-fold increase of the rate of subunit exchange by the S129R
mutation might be caused by increased dissociation constant of the
βB1-crystallin homomer and/or increased subunit exchange rate of the
heteromer. The mutation decreased the energy transfer efﬁciency of
FRET as reﬂected by the Facceptor/Fdonor value where the equilibrium
had been reached, implying that the S129R/βA3-crystallin heteromer
had a larger dissociation constant than the WT form. Thus the results
in Figs. 1 and 2 suggested that the mutation weakened subunit associa-
tion both in the βB1-crystallin homomer and βB1/βA3-crystallin
heteromer, while the effect was more pronounced for the homomer.
To understand the structural basis of the results observed in Figs. 1
and 2 as well as that in the previous study [25], MD simulation analysis
was performed by using the crystal structure of truncated βB1-crystallin
[46] as the starting structure. As presented in Fig. 3, the overall structure
of themutated proteinwas similar to that of theWTproteinwith a RMSD
of 1.86 Å using 352 Cα-coordinates. The backbone of the Greek-key
motifs was almost superimposed, implying that the core structure of
βB1-crystallin was not signiﬁcantly impaired by the S129R mutation.
Fig. 2. Subunit exchange of βB1/βA3-crystallin monitored by FRET using the ﬂuores-
cent dye-labeled β-crystallins. (A) Time-dependent change in the ﬂuorescence emis-
sion spectra of βB1/βA3-crystallin. The emission spectra were obtained by exciting at
345 nm. (B) Time-dependent change in the ﬂuorescence emission spectra of S129R/
βA3-crystallin. (C) The ratio of the ﬂuorescence intensities at 520 nm and 442 nm.
The raw data were normalized by taking the value at 0 min as 1. The data were ﬁtted
by a single exponential equation, and the ﬁtted curves are presented by solid lines. In
panels A and B, the arrows indicate the direction of ﬂuorescence intensity changes as
time elongate.
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linkers connecting the two domains,which is consistentwith the intrin-
sically ﬂexible nature of these regions. The most striking structuraldifference was at the subunit binding interface, which is well deﬁned
in the crystal structure of the WT βB1-crystallin composing many
intermolecular interactions that involved residues around Ser129 [46].
This is not surprising since Ser129 is located near the 2-fold axis of the
dimeric structure, and therefore the mutation will add an extra two
positive charges in close proximity. A close inspection of the subunit in-
terface in the dimeric structure indicated that the H-bonding network
was altered by the mutation. Particularly, in the WT protein structure,
polar contacts via water molecules to stabilize the interface could be
observed among the side chains of Ser129 and Tyr201 from both chains
as well as Tyr131 from Chain A. The hydrophobic interactions of the ar-
omatic side chains from Tyr131 between Chains A and B aswell as those
from Tyr201 limited the inﬁltration of water molecules into the subunit
interface. However, the substitution of Ser with Arg at position 129 in-
troduced a larger side chain and electrostatic repulsion between the
two subunits, which altered both theH-bonding network and the stack-
ing of the Tyr side chains. The alternation of the intersubunit interac-
tions by the mutation resulted in an opening of the tightly associated
subunit interface around Trp127 and Tyr198, which allowed the water
molecules to penetrate in. As a result, the intersubunit interactions
were weakened and the dimeric βB1-crystallin was facilitated to disso-
ciate intomonomers. The binding free energy of the dimerwas calculat-
ed byMM-PBSA of AMBER [47]. Consistent with the structural analysis,
the value of themutant (−147 kcal/mol) wasmuch higher than that of
theWT protein (−192 kcal/mol). We did not map the effect of themu-
tation on the high-order oligomerization of βB1-crystallin. It is worth
noting that Ser129 is not involved in theβB1-crystallin dimer–dimer in-
teractions, implying that the Ser129 might have a limited role in the
high-order oligomerization of βB1-crystallin. It is a pity that no
high-resolution structure of the heteromer is available, which limited
to investigate the structural basis of the effect of the mutation on
β-crystallin heteromer formation.
3.2. The S129R mutation increases the thermal stability of βB1-crystallin
The effect of the S129R mutation on βB1-crystallin thermal stability
was evaluated by monitoring the temperature-dependent structural
changes and aggregation. As shown in Fig. 4, the thermal transition
curves of the WT and mutated proteins demonstrated that both pro-
teins followed an apparent two-state process when monitored by Pa-
rameter A, which is an indicator of the position and shape of intrinsic
Trp ﬂuorescence [31]. Parameter A is calculated by dividing the ﬂuores-
cence intensity at 320 nmby that at 365 nm, reﬂecting the relative ratio
between the contributions of Trp ﬂuorophores from the hydrophobic
and hydrophilic microenvironments. Thus the larger is the Parameter
A value, the more hydrophobic is the Trp ﬂuorophores. As temperature
increase, the Parameter A values of both proteins slightly increased ﬁrst,
and followed by a sharp decrease at high temperatures. This suggested
that the tertiary/quaternary structure of both proteins had some adjust-
ments when temperature increased from 20 °C to about 60 °C, and
followed by thermal unfolding. The midpoint of the thermal unfolding
(Tm) of the mutant was 2 °C higher than the WT protein, indicating
that themutant wasmore stable than theWT βB1-crystallin. The stabi-
lization of βB1-crystallin could also be observed by the turbidity exper-
iments. TheWTprotein began to form large aggregates thatwere visible
by the turbidity measurement at ~58 °C, about 10 °C lower than the
mutant. Time-course aggregation at 75 °C indicated that the mutation
slowed the lag time, decreased the aggregation rate and decreased the
maximum turbidity value of βB1-crystallin. To elucidate whether the
mutation affected βB1-crystallin thermal oligomerization that could
not be detected by turbidity experiments, temperature-dependent
RRS change was recorded for the two proteins during heat treatment.
The RRS of the WT βB1-crystallin had an obvious transition before the
turbidity began to increase, and this pre-aggregation transitionwas sig-
niﬁcantly delayed by the mutation. This result suggested that the WT
βB1-crystallin was prone to form large oligomers, while the mutant
Fig. 3. Structural alternations of βB1-crystallin induced by the S129R mutation analyzed by MD simulations. (A) A comparison of the overall structures of the WT (red) and mutated
(blue) βB1-crystallin. The location of the residue at position 129 is highlighted by stick model, while the major subunit binding sites are shown in yellow. (B) Alternation in the
H-bonding network around residue 129 at the subunit interface. Chains A and B are rendered in cyan and magenta, respectively. (C) A comparison of the subunit interface com-
posing the segments from Trp127 to Tyr131 and from Asn197 to Tyr201. The segments are highlighted by the space-ﬁlling model. For clarity, only the representative residues
are labeled. (D) Penetration of the water molecules into the subunit interface induced by the S129R mutation. The water molecules within 4 Å are shown in stick models. In panels
B–D, chains A and B as well as the corresponding labels are rendered in cyan and magenta, respectively. The residue at position 129 is rendered in orange.
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tation increased the heat-resistant ability of βB1-crystallin and retarded
its thermal aggregation.
3.3. The S129R mutation increases the sensitivity of βB1- and βB1/βA3-
crystallins to trypsin digestion
Limited proteolysis [36] has been widely used as a structural probe to
detect the surface exposure sites of native proteins accessible by the pro-
teases [48]. In our case, proteolysis is a general post-translational modiﬁ-
cation of crystallins during age increase, and has been proposed to
associate with the occurrence of age-related cataract [9,12]. Thus limited
proteolysis experiments were conducted to further investigate the effect
of the mutation on β-crystallin structural features and sensitivity to pro-
teolysis. Trypsin is a serine protease that cleaves peptide chainsmainly at
the carboxyl side of amino acids Lys or Arg. As shown in Fig. 5, βB1-
crystallin was very sensitive to trypsin digestion, and began to degrade
in 1 min. After 10 min of degradation by trypsin, βB1-crystallin had
only one major band on the SDS gel, which was the N-terminal 50-aa
truncated fragment of βB1-crystallin as identiﬁed by MALDI-TOF-TOF
mass spectrometry. This observation is consistent with the proposal
that the N-terminus of βB1-crystallin is ﬂexible and fragile to proteolysis
[46]. The main body of βB1-crystallin was highly resistant to trypsin, andthe proteolytic product remained unchanged even after 72 h of proteol-
ysis (Fig. 6A). As for the mutated protein S129R, trypsin proteolysis
resulted in two additional smaller fragments with the size between 11
and 17 kDa. The larger one was identiﬁed by mass spectrometry to be
the C-terminal domain of S129R (residues from R132 to K252). Limited
proteolysis by non-speciﬁc proteases proteinase K and pronase E, pro-
duced the same peptides for both the WT and mutated proteins, while
pepsin, a protease active in acidic conditions, did not degrade both of
the proteins (data not shown). These observations indicated that the
S129R mutation increased the sensitivity of βB1-crystallin against the
speciﬁc serine protease trypsin, but not the non-speciﬁc proteases.
According to spectroscopic and structural studies, S129R was prone to
dissociate into monomers, which might lead to the exposure of addi-
tional trypsin-sensitive sites that were protected in the dimeric βB1-
crystallin. Although the Ser to Arg substitution provided the possibility
of an additional speciﬁc cleavage site for trypsin, themass spectrometry
failed to identify fragments corresponding proteolytic products cleaved
fromArg129 in themutated protein, which reinforced the proposal that
the increased sensitivity to trypsin was mainly caused by structural
alternations.
Since βB1-crystallin can form heteromers with βA3-crystallin in
the human lens to protect βA3-crystallin against unfolding and aggre-
gation when subject to stresses and facilitate βA3-crystallin (re)folding
Fig. 4. Effect of S129R mutation on the thermal stability of βB1-crystallin. (A) Thermal transition curves from Parameter A of the intrinsic Trp ﬂuorescence excited at 295 nm.
(B) Temperature-dependent turbidity change observed by the absorbance at 400 nm. (C) Time-course aggregation at 75 °C. The turbidity data was monitored every 2 s, and is
presented every 20 s, for clarity. (D) Temperature-dependent RRS change. The protein concentration was 0.2 mg/ml. The samples were equilibrated for 2 min at each tem-
perature for the equilibrium thermal denaturation studies.
Fig. 5. Limited proteolysis of β-crystallins. (A) Time-course degradation of βB1-crystallin,
S129R and βA3-crystallin by trypsin. (B) Degradation of the heteromers βB1/βA3- and
S129R/βA3-crystallins by trypsin. The proteins with a concentration of 0.2 mg/ml were
digested with trypsin (1:50 w/w). M is the standard molecular weight marker, and the
molecular weights of the bands are labeled aside with the unit of kDa.
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trypsin sensitivity of the βB1/βA3-crystallin heteromer. As shown in
Fig. 5A, βA3-crystallin behaved similarly when digested by trypsin
and only one major band appeared after 60 min of degradation. Similar
to βB1-crystallin, the major fragment of βA3-crystallin was also pro-
duced by the removal of the ﬁrst 45 amino acid at N-terminus. As for
βB1/βA3-crystallin, there are two adjacent bands on the gel after tryp-
sin proteolysis (Fig. 5B), which corresponded to the fragments with
N-terminal truncations of the two proteins. The fact that the homomers
and heteromers showed similar sensitivity to trypsin proteolysis indi-
cated that the N-terminus played a regulatory but not dominated role
in the heteromer formation of βB1/βA3-crystallin, which is consistent
with the previous observations [27,39,51]. As for S129R/βA3-crystallin
heteromer, the 17 kDa and 11 kDa fragment of S129R appeared after
60 min of degradation by trypsin, suggesting that the binding of
βA3-crystallin could not protect S129R against trypsin digestion.
3.4. The trypsin-degraded S129R is prone to aggregate
The proteolytic segments of many disease-linked proteins are
aggregation-prone. Thus we further investigated the aggregation be-
havior of the trypsin-degraded samples. As shown in Fig. 6, the
main body of the WT protein was resistant to trypsin digestion up
to 72 h, while the mutated protein was degraded continuously as
time elongated. The protein that degraded for 24 h was taken for
Fig. 6. Thermal aggregation kinetics of the native or digested βB1-crystallin. (A) SDS-PAGE analysis of trypsin digested βB1-crystallin and S129R samples. (B) Thermal aggregation
kinetics of the WT and mutated proteins with or without 24 h proteolysis. The aggregation experiments were conducted at 75 °C, and the turbidity data were recorded every 2 s.
For clarity, the data are presented every 30 s. (C) Aggregation kinetic parameters obtained by ﬁtting the data in panel B by the ﬁrst-order aggregation kinetics. t0 is the lag time, k is
the aggregation rate and Alim is the maximum turbidity value at the inﬁnite time.
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niﬁcantly affect the aggregation behavior of βB1-crystallin as evidenced
by the almost superimposed time-course curves. Fitting of the thermal
aggregation curve also indicated that the digestion did not alter the ag-
gregation kinetic parameters, suggesting that the ﬂexible N-terminus
contributed little to the aggregation behavior of βB1-crystallin. As for
S129R, the degradation of the mutated protein signiﬁcantly inﬂuenced
the aggregation kinetics by slightly shortening the lag time t0, decreasing
the maximum turbidity Alim and increasing the aggregation rate k about
10-fold. Previous studies have suggested that the k×Alim value, which
reﬂects the initial velocity of aggregation, is a better indicator than k or
Alim to reveal the effects of factors on the aggregation kinetics [40,41].
A comparison of the k×Alim values in Fig. 6C clearly indicated that the
trypsin-digestion affected the aggregation of the WT and mutated pro-
teins differentially, while a dramatic promoting effect was observed for
the mutant.
3.5. The trypsin degraded S129R mutant is unable to protect βA3-
crystallin against aggregation
It has been shown that the impact of the N-terminal truncation of
βB1-crystallin on homomer and heteromer formation is dependent on
the length of truncation [27,39,51]. We further investigated the ability
of the trypsin digested βB1-crystallins to bind with βA3-crystallins by
SEC analysis. As shown in Fig. 7A, βB1-crystallin, S129R and βA3-
crystallin eluted at different volume in the SEC proﬁles. As proposed pre-
viously, the peaks of native βB1- and βA3-crystallins were dominated by
equilibrium between dimers and monomers [39,50,51]. Consistent with
previous observations [25], both of the WT and mutated βB1-crystallins
could form hetero-tetramers with βA3-crystallins, which eluted earlier
than the homomers. After digestion by trypsin for 24 h, the SEC proﬁle
of the WT βB1-crystallin contains only one peak and that of the mutant
contained two distinct peaks. The two peaks from the mutated
βB1-crystallin might be caused by the population of two fragments
with dissimilar molecular weight or two oligomeric states with largedissociation constants. The later one was more likely to be true since
the proteolytic products of both the WT and mutated βB1-crystallins
could form heteromers with βA3-crystallin, as evidenced by the disap-
pearance of the peaks from the homomers and the appearance of a new
peak eluted between the peaks from βA3- and βB1-crystallins. This ob-
servation conﬁrmed the previous results that the truncation of the ﬁrst
47 residues of βB1-crystallin does not affect its association with
βA3-crystallin [51].
Thermal aggregation kinetic studies were performed to investigate
the heat stability of the heteromers formed by trypsin digested
βB1-crystallins and the WT βA3-crystallin (Fig. 7B). Consistent with the
previous observation [25], the WT βB1-crystallin could successfully pro-
tect βA3-crystallin against aggregation by elongating the lag time t0 and
signiﬁcantly decreasing the aggregation rate k and the initial velocity of
aggregation k×Alim (Fig. 7C), while the mutant had a much weaker
protecting effect. The turbidity value at the inﬁnite time (Alim) was sim-
ilar for all the samples, suggesting that most of the βA3-crystallin would
deposit after long-termheating. The truncation of the N-terminus slightly
increased the ability of the WT βB1-crystallin to protect βA3-crystallin
aggregation, and similar observation has also been reported previously
[39]. This might be caused by the alternation of the oligomeric equilib-
rium or binding constants of the heteromers induced by N-terminal
truncation. In contrast to the phenomenon observed for the WT
βB1-crystallin, the truncation of the N-terminus promoted the aggrega-
tion of the S129R/βA3-crystallin heteromer about 1.5-fold as evaluated
by k or k×Alim. These results suggest that the S129Rmutation decreased
the thermal stability of βB1/βA3-crystallin regardless of heteromers
formed by intact or truncated βB1-crystallin.
4. Discussion
The mature lens ﬁber cells are highly differentiated with the lack
of protein turnover machines [3], and thus the proteins in the lens
are required to be soluble and stable for dozens of years. It is thus
expected that the crystallins, the major structural proteins in the
Fig. 7. Effect of limited proteolysis on the association and stability of the βB1/βA3-crystallin heteromer. (A) SEC analysis of the association of the intact or digested βB1-crystallin
and S129R with βA3-crystallin. The peak positions of the homomers are labeled by dotted lines. The proteolytic products were digested by trypsin for 24 h. (B) Thermal aggregation
kinetics monitored by turbidity at 65 °C. (C) Aggregation kinetic parameters obtained by ﬁtting the data in panel B by the ﬁrst-order aggregation kinetics. The symbols of the
parameters are the same as those in Fig. 6. 1–5 are βA3-crystallin, βA3/βB1-crystallin, βA3/βB1-crystallin formed by 24 h proteolysis of βB1-crystallin, βA3/S129R-crystallin and
βA3/S129R-crystallin formed by 24 h proteolysis of S129R, respectively.
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folding is within the ranges for mesophilic proteins [9,52,53] although
crystallins are evolved from the ancient stress proteins [6]. The long-
term stability of crystallins may be controlled by the speciﬁc intracellular
environments of the lens ﬁber cells such as the existence of high concen-
trations of chaperones, the highly crowed microenvironments and the
ability of the high concentration crystallins to form oligomers or pack in
a short-range order [6,9]. Thus the evolution of crystallins may be a bal-
ance between the functional requirements such as protein–protein inter-
actions and stability requirement. In this case, not all disease-linked
mutations have an instability or aggregation-promoting effect. This
opinion is supported by the observations in this research that the
CMCC-linkedmutation S129R did not decrease, but increase, the ability
of the WT βB1-crystallin against heat-induced unfolding and aggrega-
tion. It is worth noting that disease-linked mutations in the subunit
binding interface of multimeric proteins usually lead to dissociation
and destabilization [54,55]. However, the stability-beneﬁcial mutation
S129R did not facilitate the functional requirements of βB1-crystallin,
but led to CMCC. Thus our ﬁndings highlighted that the molecular
mechanisms underlying congenital hereditary cataract might be much
more complex than the simplest one of alternation in solubility and
stability.
The increased sensitivity ofβB1-crystallin to proteolysis by the S129R
mutation might be pathologically relevant. Previous investigations have
shown that in both human and bovine lens, β-crystallins are extensively
modiﬁed when age increased [6,9,12,18]. Particularly, truncations at the
N-terminus of β-crystallins occur early during development, and the
length of the N-terminus is proposed to regulate the size distributions
of variousβ-crystallin oligomers [27]. Actually, the lens cells are required
to have a high protease activity to degrade the unnecessary proteins in
the organelles and impaired proteins caused by misfolding or unexpect-
edmodiﬁcations during lens development and lens ﬁber cell differentia-
tion in adult lens. Many proteases functioning in the lens cells have been
characterized, such as the ubiquitin-dependent proteolytic pathway,calpains, leucine aminopeptidase and acylpeptide hydrolase [56–61].
Recently, βA3-crystallin has been proposed to have protease activity
under certain activating conditions [28,29]. The impairment of the pro-
tein degradation system has also been linked to cataract or the other
lens dysfunction in animal models [29,58,61], implying that the regulat-
ed protease activity is necessary for lens. Under such a situation, the in
vivo degradation of the S129R mutant is very likely to happen early
during the lens development in the patients. For the WT βB1-crystallin,
only N-terminal truncation was observed in the in vitro limited proteol-
ysis experiments, while the main body of the molecule remained intact
and could form β-crystallin homomers or heteromers. However, the
S129R mutant was prone to be degraded extensively, and the half time
for degradation was about 1–2 days under our conditions (Fig. 6A).
The fragmentation of the S129Rmutated proteinmight be directly linked
to the pathogenesis of cataract since extensive proteolysis has been asso-
ciated with the occurrence of age-related cataract [12,19,21]. Thus the
impairing effect of the S129R mutation was something likely to acceler-
ate the life-long proteolytic process in the patients to promote the abnor-
mal aggregation of fragmented crystallins, which is usually observed in
age-related cataract in normal persons with the WT CRYBB1 gene.
According to the above observations in literature and the results herein,
the increased proteolysis induced by the S129R mutation might induce
pathology via several possible pathways: 1) the signiﬁcant decrease in
the amounts of functional proteins altered the protein–protein interac-
tion network; 2) the existence of high concentrations of the mutated
proteins might overload and disturb the normal functions of the proteo-
lytic pathways; 3) the proteolytic fragments were prone to aggregate
(Fig. 6); 4) the proteolytic fragments further impaired the function of
βB1-crystallin to protect βA3-crystallin against denaturation in the
heteromers (Fig. 7).
The structural basis of the increased proteolytic sensitivity of the
mutant was the surface exposure of extra proteolytic site that was in-
accessible by the proteases in the WT βB1-crystallin. In the previous
brief communication [25], we have shown that the S129R mutation
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but does not affect the formation of βB1/βA3-crystallin heteromer. How-
ever, the mutation signiﬁcantly decreases the ability of βB1-crystallin to
protect βA3-crystallin against aggregation in the heteromers. In this
research, we performed an in-depth investigation of the structural basis
underlying the above phenomena. Experimentally, themutation destabi-
lized the dimers and thus shifted the dynamic equilibrium (high-
order oligomers↔ dimer↔monomer) to monomers. Structurally, the
S129R mutation introduced an extra two positive charges in close prox-
imity, altered the subunit binding interface thereby by impairing the
H-bonding network and hydrophobic interactions, and thus allowed the
inﬁltration of the solvent molecules into the interface. The hydration of
the residues buried in the subunit interface of the mutant ﬁnally led to
a reduction of the subunit binding free energy and facilitated the dissoci-
ation of the dimer to monomers. The increase of βB1-crystallin thermal
stability by the mutation might be caused by the extra hydration site
introduced by the substitution of a polar residue Ser by a charged residue
Arg at position 129 and the adjustment of local structures. Actually,
hydration has been shown to play a crucial role in protein folding and
aggregation, particularly conformational diseases caused by inherited
mutations [62–65]. Another possible reason for the stability-beneﬁcial
mutationmight be the alternation ofβB1-crystallin thermal denaturation
pathways by reducing the possibility of high-order oligomerization
(Fig. 4D).
The structural basis of the βB1/βA3-crystallin heteromer formation
remains unclear. The previous structural study has elucidated the two
binding interfaces of βB1-crystallin tetramers formed by two dimers,
and Ser129 is not involved in the dimer–dimer interactions [46]. If the
βB1-crystallin dimer binds with the βA3-crystallin dimer via similar in-
terface to that in homotetramers, the S129Rmutationwill not severely af-
fect heterotetramer formation. The effects of themutation on heteromers
could be deduced from the change of the dynamic equilibrium of the
homomers (high-order oligomers↔ dimer↔monomer) to that of the
heteromers (S129/βA3 heterotetramer↔ S129R dimer+βA3 dimer↔
S129R monomers+βA3 dimer). The S129R dimer was stabilized by the
βA3-crystallin dimer in the tight S129R/βA3-crystallin heterotetramer,
and thus the oligomeric equilibrium was shifted to the left although
S129R preferred to exist in monomers in the absence of βA3-crystallin.
Nonetheless, the dimer interface of βB1-crystallin was weakened by the
mutation, and a higher subunit exchanging rate and a less amount of sta-
ble heteromerswere observed thereby for themutantwhen compared to
the WT βB1/βA3-crystallin (Fig. 2).
Cataract is a disease caused by the forming of light scattering parti-
cles in the lens, and thus have been proposed to be a typical protein
misfolding/aggregation disease [6,9]. Consequently, most of the previ-
ous studies focus the molecular mechanisms of congenital hereditary
cataract on the decrease in the solubility and stability of crystallins in-
duced by inherited mutations. The ﬁndings that S129R was a stability-
beneﬁcial mutation for the native βB1-crystallin provided an excellent
model in studying the molecular mechanisms besides the solubility
problem underlying cataract. Herein we pointed out that the alterna-
tion in the sensitivity to proteolysis might be vital to the pathogene-
sis of congenital hereditary cataract, at least for those induced by
stability-beneﬁcial or stability-harmless mutations. Moreover, the
genes with stability-harmful mutations will produce misfolded or
unstable proteins, the misfolded and aggregated proteins are re-
quired to be rescued by the protein quality control system or re-
moved by the protein degradation system. In this case, proteolysis
is expected to play a role in the development of cataract induced by
stability-harmful mutations. It is worth noting that the onset of cat-
aract as well as other diseases is a long-term process involving com-
plex physiological alternations in the patients. It is therefore
essential for us to discover novel molecular mechanisms underlying
cataract and to develop effective strategies using our developing un-
derstanding of the pathology to combat the increasingly prevalent
disease of cataract.Acknowledgments
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